Nucleotide excision repair (NER) removes lesions from DNA such as the UV photoproducts cis-syn cyclobutane pyrimidine dimer (CPD) and pyrimidine pyrimidone. The NER pathway involves damage recognition, incision of the DNA strand containing the damage, excision of the lesion, and repair synthesis (16, 43) . In addition, CPDs are rapidly eliminated from the transcribed strand (TS) of active RNA polymerase II (RNAPII)-transcribed genes, a process that is referred to as transcription-coupled NER (TC-NER) (3, 29, 34, 35, 45) . In Saccharomyces cerevisiae, mutations in the RAD26 gene affect TC-NER (55) but not repair of the nontranscribed regions of the genome, or global genome NER (GG-NER). The GG-NER requires the Rad7p/Rad16p and Abf1p complexes (16, 43) .
Much research has been devoted to elucidating the roles of Rad4p. For instance, it was found that deletion of RAD4 causes the DNA incision step to be completely defective, that Rad4p is required for NER in vitro, and that binding of Rad4p (and Rad2p) to TFIIH defines intermediates during the assembly of NER proteins at sites of DNA damage (2, 23, 43, 63) . Therefore, it is suggested that the Rad14p/Rad4p-Rad23p complex locates the DNA lesions and promotes assembly of the repair machinery at these sites (22, 23, 24, 28) . During this process, Rad4p first binds undamaged DNA sequences, and then it repositions at the 3Ј side of the lesion and induces a flipout of the damaged base from the DNA helix (38, 48) . The Rad4 protein works in complex with Rad23p, which has a ubiquitin-like domain and supports interactions with the 19S regulatory particle of the 26S proteasome. The ubiquitin proteasome pathway plays important roles in NER via both proteolytic and nonproteolytic activities (19, 44, 65) . The xeroderma pigmentosum group C (XPC) gene is the human counterpart of RAD4. However, whereas Rad4p is required for the incision step in both GG-NER and TC-NER, the XPC protein is required only for GG-NER (57, 58) . This led to the hypothesis that XPC makes compact chromatin accessible to NER. To investigate this possibility, the activity of XPC was analyzed on nucleosome DNA. In one study, it was observed that the addition of undamaged, naked DNA to in vitro NER reaction mixtures hampers XPC binding to photoproducts. Conversely, no inhibitory effect occurs when the undamaged carrier DNA is wrapped into nucleosomes, suggesting that the presence of nucleosomes in undamaged DNA endorses the specificity of XPC for damaged sites (65a) . Another study showed that binding of XPC to DNA lesions is hindered when the lesions are positioned within nucleosome DNA (26) . Finally, a recent report has shown that Rad4p-Rad23p copurifies with two subunits of the SWI/SNF chromatin-remodeling complex. Since UV stimulates this interaction, it is proposed that Rad4-Rad23p recruits the SWI/SNF chromatin-remodeling complex to DNA lesions, which enhances the accessibility for NER to nucleosome DNA (20) . In summary, the Rad4p/XPC group of proteins appears to have multiple functions, which could be affected by factors like transcription rate, chromatin structure, and the subregions of the nucleus that undergo repair. Moreover, while Rad4p is considered indispensable for the repair of UV-damaged DNA (43) , a series of in vitro assays have shown that repair of DNA lesions in locally unwound DNA can take place in the absence of XPC (40) .
The nucleolus is a defined region that is made of clusters of ribosomal genes (rRNA genes [rDNA]). The rRNA genes are heavily transcribed by RNA polymerase I (RNAPI) (39) and are present in multiple copies (ϳ150 in yeast [42] ) of two coexisting and distinct types forming total rDNA. One type is permissive to transcription, and the other type is transcriptionally refractive (11, 12, 13, 21) . Canonical nucleosomes are absent from the coding regions of ribosomal genes that are permissive to transcription (open rDNA), whereas nucleosomes are present on the inactive genes (closed rDNA) (30, 47) . Also, nucleosomes are found on most of the DNA sequences flanking the rDNA units (or intergenic spacers [IS]) (30, 47, 61) . In contrast to human cells, yeast cells rapidly remove CPDs from rDNA (7, 8) . Furthermore, strand-specific repair was observed for rDNA of the rad7⌬ and rad16⌬ mutants (59) , and TC-NER was measured in the active rDNA fraction of wild-type (WT) cells (7, 10, 33) . Although NER was analyzed in total rDNA and important results were reported (14, 15, 59 ), a number of questions remain unanswered because those studies did not follow NERs separately in the active and inactive rDNA. Namely, in the rad4⌬ mutant, about half of all CPDs in the TS of total rDNA are repaired, whereas no repairs occur in the rest of the genome, including the nontranscribed strand (NTS) of total rDNA (59) . In spite of the fact that this observation was not explained, the role of Rad4p in the repair of RNAPI-transcribed rDNA is more akin to the role of Rad7/Rad16 in the repair of RNAPII-transcribed genes and to the role of XPC in the repair of RNAPII-transcribed genes in human cells. Also, YDR314C (renamed Rad34p) shares sequence homology with Rad4p (31). It interacts with Rad23p (18) and is involved in repair of rDNA, but it does not participate in NER of RNAPII-transcribed genes (14) . The function of Rad34p was investigated using the rad16⌬ mutant as a background strain, and NER was measured in the rad16⌬ versus the rad16⌬ rad34⌬ double mutant (14) . It was found that in the double mutant, there is no preferential repair of the rDNA TS, suggesting that Rad34p could be involved in TC-NER. However, as stated by the authors of that study (14) , those experiments have not shown that such Rad34p-dependent preferential repair occurs only in the active rDNA. Consequently, the possibility that the Rad34-dependent repair in rad16⌬ cells is, in fact, RNAPI transcription independent could not be excluded. Hence, participation of the Rad34p in TC-NER of rDNA was not definitively shown (14) .
Psoralen cross-linking has been employed to separate the two forms of rDNA and to study the structure of chromatin during transcription, replication, and repair (47, 53) . In this report, psoralen cross-linking was used to verify that the active rDNA is preferentially released when nuclei are digested with restriction enzymes. Thereafter, active and inactive rDNA were separated, and NER was followed in both rDNA populations of the WT, rad4⌬, rad34⌬, and rad4⌬ rad34⌬ cells. The rates of NER in the active and inactive rDNA chromatin of the coding regions were measured relative to the rates of NER in the mostly nontranscribed IS, which are organized in nucleosomes. In addition, CPD removal was analyzed at the nucleotide level in the promoter region and around the RNAPI transcription initiation site. These experiments were undertaken to identify the boundaries between regions where Rad4p and Rad34p promote repair, to determine whether they have complementary or redundant functions, and to compare TC-NER with RNAPI transcription elongation.
MATERIALS AND METHODS

Yeast cells and UV irradiation. S. cerevisiae
) was grown in yeast extract peptone dextrose medium to early log phase (optical density at 600 nm of 0.4; ϳ1.2 ϫ 10 7 cells/ml). The isogenic rad4⌬, rad34⌬, and rad4⌬ rad34⌬ strains were constructed by PCR-mediated gene disruption as previously described (1) . Cultures were harvested by centrifugation, washed in ice-cold phosphate-buffered saline (137 mM NaCl, 2.5 mM KCl, 2 mM KH 2 PO 4 , 10 mM Na 2 HPO 4 [pH 7.0]), and resuspended in the same buffer to 2 ϫ 10 7 cells/ml. Cell suspensions were poured into trays to ϳ2-mm depth and irradiated (primary, 254 nm) with 180 J/m 2 of UV (UVX radiometer; Ultra-Violet Products, Upland, CA). Then, cells were harvested, resuspended in yeast extract peptone dextrose medium, and incubated in the dark at 30°C with continuous shaking for the indicated repair times (see Results).
Nucleus isolation and DNA extraction. Cells (ϳ1.6 ϫ 10 9 ) were collected, washed with ice-cold phosphate-buffered saline, resuspended in 1.5 ml of ice-cold nucleus isolation buffer (NIB) (50 mM morpholinepropanesulfonic acid [pH 8.0], 150 mM potassium acetate, 2 mM MgCl 2 , 17% glycerol, 0.5 mM spermine, and 0.15 mM spermidine), and transferred to 15-ml polypropylene tubes containing 1.5 ml of glass beads (425-to 600-m diameter; Sigma). Cells were disrupted by vortexing by using 16-to 30-s pulses with 30-s pauses on ice. Nuclear suspensions were collected, and the glass beads were rinsed twice with 1 ml of NIB. The combined suspensions were centrifuged as previously described (7, 10) . Nuclei were resuspended in 800 l of NIB and stored in 200-l aliquots at Ϫ80°C in the dark.
To measure repair of the individual strands of active and inactive rDNA, nuclei were pelleted, resuspended in 0.5 ml of EcoRI restriction enzyme buffer, and digested according to the manufacturer's recommendations (New England BioLabs). DNA from EcoRI-digested nuclei was extracted as described below, resuspended in NheI buffer, and digested according to the manufacturer's recommendations (New England BioLabs). All steps were carried out under gold light (reprographic gold; Standard Products Inc.). In parallel, aliquots of EcoRIdigested nuclei were photo cross-linked with psoralen to monitor the separation of active from inactive rDNA, as previously described (7, 10) .
To measure NER in total rDNA, DNA was extracted from cells broken by vortexing in the presence of glass beads, as described above. To each 200-l aliquot was added 300 l of TE buffer, 225 l of 3 M Na-acetate, and 35 l of 10% sodium dodecyl sulfate. After two extractions with phenol-chloroform (1:1) and one extraction with chloroform, nucleic acids were precipitated in isopropanol. Following centrifugation, pellets were dissolved in TE buffer, treated with RNase (Roche), phenol extracted, and precipitated in ethanol. DNA was resuspended in TE and digested with the appropriate restriction enzymes, as described in Results.
T4 endonuclease digestion, alkaline gel electrophoresis, Southern blotting, and quantification of CPD yield. DNA samples were cleaved at CPDs by T4 endonuclease V (T4 endo V; Epicentre) according to the manufacturer's recommendations. After T4 endo V digestion, ϳ5 g of DNA per sample was separated by 1% alkaline agarose gel electrophoresis (7, 10) . DNA was transferred to Hybond-XL membranes (GE Healthcare) in 0.4 N NaOH. Radioactive probes (Fig. 1A , upper panel) were generated using random primers or strandspecific riboprobe kits (Promega), and hybridization and washing were carried out at 65°C as previously described (11) . Filter membranes were exposed to phosphorimager screens (Molecular Dynamics), and CPDs were quantified from phosphor images of the Southern blots, using ImageQuant software (Molecular Dynamics). Measurement of CPDs in each strand of rDNA was performed as previously described (7, 10) .
High-resolution mapping of the CPD sites. Measuring CPDs in the individual strands at nucleotide resolution was carried out as previously described (50) . DNA was digested with HhaI at 37°C for 1 h in a total reaction mixture volume of 200 l, generating a 768-bp fragment covering an upstream region (266 bp) and part of the coding region (502 bp) of the 35S rRNA gene (Fig. 1A , upper panel). After phenol-chloroform extraction, DNA was precipitated using 20 l of Na acetate (3 M) and 220 l of isopropanol. Then, DNA pellets were resuspended in 100 l of TE buffer and cleaved specifically at CPDs, using T4 endo V as described above. After phenol-chloroform and chloroform extraction, damage in the TS was detected by adding 1 pmol of biotinylated probe 1 (5Ј-biotin-GATAGCTTTTTTCGCGTTTCCGTATTTTCCGCTTGG) to the samples. The DNA samples were denatured at 95°C for 5 min and then incubated at 55°C for 15 min to allow probe annealing to rDNA fragments. (The length of the fragments annealed to the probe depends on the positions of CPDs within the VOL. 28, 2008 NER IN YEAST rDNA GENE LOCUS 7505 fragment.) Next, 100 g of washed streptavidin-coated Dynabeads M-280 (Invitrogen) was added to samples, mixed, and kept at room temperature for 15 min to allow binding of the streptavidin-coated Dynabeads to the biotin molecule at the 5Ј end of the probe. The rDNA fragments were purified with a Dynal magnetic particle concentrator. The supernatant containing the NTS fragments (and the rest of the genomic DNA) was removed and kept for purification of the NTS. The NTS of rDNA fragments was purified as performed for the TS, except that probe 2 (5Ј-biotin-GATAGCTTTTTTCFCACTCCGTCACCATACCATA GCA) was used. The beads were washed with 50 l of washing buffer (5 mM Tris-HCl [pH 7.5], 0.5 mM EDTA, 1.0 M NaCl) at 55°C for 5 min, and then the buffer was removed. Two more washes were done with 50 l of H 2 O at room temperature. Then, rDNA fragments were end labeled with six [␣-32 P]dATP residues by T7 DNA polymerase (Amersham), which uses the six-T overhang of the probes as template (as described in reference 50). The reaction was complete after 10 min at 37°C, and the Dynabeads were washed twice with 30 l of TE. Finally, the labeled rDNA fragments were eluted from the Dynabeads at room temperature by the addition of 3 l of formamide loading buffer (95% formamide, 20 mM EDTA, 0.05% bromophenol blue) and separated by length by 6% denaturing polyacrylamide gel electrophoresis. The running buffer was TBE (89 mM Tris base, 89 mM boric acid, 2.5 mM Na 2 EDTA ⅐ 2H 2 O), and electrophoresis was carried out at 40 V/cm. Gels were exposed to phosphorimager screens, and CPD quantification in rDNA was performed from the phosphor images, using ImageQuant software as described previously (52) .
RESULTS
Removal of CPDs from the coding regions of total rDNA is considerably reduced in rad4⌬ cells. We first examined NER of total rDNA. At different times after irradiation, DNA was isolated from the WT and rad4⌬ cells, digested with EcoRI, and treated with T4 endo V. Thereafter, DNA repair was measured by denaturing gel electrophoresis and Southern blotting as described previously (3) . Typical images are shown in Fig. 1B (upper panel) , where bands correspond to the ϳ2.9-kb fragment that is released from the central portion of the rDNA transcription unit (Fig. 1A , E 4 to E 5 ). After incubation with T4 endo V, changes in signal intensities of the EcoRI bands (compare Ϫ with ϩ lanes) reflect the number of strand breaks at the CPDs. The data show that in the WT, both TS and NTS are repaired, whereas in the rad4⌬ cells, repair occurs only in the TS (Fig. 1 , compare lanes 5 to 12 with lanes 3 and 4). Quantitative analyses (Fig. 1B, lower panel) indicate that in the WT, ϳ 80% of CPDs are removed from both DNA strands during the 4-h repair. For the rad4⌬ cells, ϳ60% of CPDs are repaired from the TS, whereas no repair is observed for the NTS. Thus, the time courses for CPD removal measured in the yeast strains used in this study can be directly compared with those reported in reference 59.
In the absence of Rad4p, repair of individual DNA strands from active and inactive rDNA is unevenly affected. Determination of the efficiency of strand-specific repair in total rDNA by the Southern blot assay (as described above) is incomplete because data represent an average of active and inactive rDNA copies. Accurate measurements are obtained when the two forms are separated and repair is followed individually for the active and inactive rDNA populations. To do so, nuclei were isolated from yeast harvested at the specified repair times and then digested with EcoRI (Fig. 1A, upper panel) . Restriction enzyme digestions of nucleus release only active rDNA because nucleosomes are absent from these genes, making them accessible to endonucleases (7, 10, 41) . Thereafter, DNA was purified and redigested with NheI (Fig. 1A, upper panel) . Because the two EcoRI sites are within the NheI sites, a fulllength fragment (ϳ4.4 kb) obtained after NheI digestion of DNA isolated from EcoRI-treated nuclei contains primarily inactive rDNA. This double digestion allows following DNA repair in the inactive rDNA (NheI; see Fig. 2 , i band) and in the active rDNA (EcoRI; see Fig. 2 , a band) on the same filter membrane as previously described (7, 10) . Psoralen photo cross-linking was used to monitor the separation of the two rDNA populations (data not shown; 7, 10).
In the WT and rad4⌬ cells, at 180 J/m 2 , the average yield Ϯ standard deviation of CPDs/kb in the TS was 0.37 Ϯ 0.04 and in the NTS was 0.32 Ϯ 0.05. Representative data showing T4 endo V analyses for the TS and NTS of active and inactive rDNA are presented in Fig. 2A and B. The percentage of CPDs removed are given in Fig. 2E (WT and rad4⌬ cells) . For the WT, repair is significantly faster in the TS of active rDNA than in the NTS of the same fraction (Fig. 2 , WT and compare TS a and NTS a). During the first 2 h, more than twice as many CPDs are removed from the TS as from the NTS. The process of TC-NER does not occur in the inactive rDNA, and there are no differences in repair rates between the TS and NTS (Fig. 2, WT and compare TS i and NTS i). Furthermore, CPDs are removed faster from the active rDNA than from the inactive rDNA chromatin. Also, the repair rate of active rDNA chromatin is initially high but rapidly levels off during removal of the remaining ϳ20% of CPDs. Conversely, removal of CPD from inactive rDNA chromatin occurs at a more uniform and lower rate throughout the entire repair time. For the rad4⌬ cells, DNA repair in the TS of active rDNA (Fig. 2, TS a) is very rapid, complete within 2 h and faster than in the WT. On the contrary, DNA repair in the NTS of active rDNA is drastically reduced; only ϳ20% of the total CPDs are removed (Fig. 2, NTS a) . Finally, very little or no repair was measured in the TS and NTS of inactive rDNA (Fig. 2, TS i and NTS i) .
Lack of Rad34p affects repair in the transcribed strand of active, nonnucleosomal rDNA. To gain further insights into NER in RNAPI-transcribed genes, nuclei were isolated from the rad34⌬ and rad4⌬ rad34⌬ cells before and after UV exposure. Nuclei were incubated with EcoRI, and the purified DNA was redigested with NheI and processed as described above. In the rad34⌬ and rad4⌬ rad34⌬ cells, the yields of CPDs for the active and inactive rDNA fractions, TS and NTS, were as in the WT (see description above). Representative images of these experiments, showing repair analyses for the TS and NTS of active and inactive rDNA, are shown in Fig. 2C and D. The data, expressed as the percentage of CPDs removed over time, are shown in Fig. 2E (rad34⌬ and rad4⌬ rad34⌬ cells) .
For the rad34⌬ cells, repair in the TS of active rDNA is reduced to the rate measured in the NTS (Fig. 2E , compare WT and rad34⌬, TS a and NTS a). Therefore, TC-NER is abolished in the rad34⌬ cells (Fig. 2E, rad34⌬ , compare TS a and NTS a). In contrast, DNA repair in the NTS of active rDNA is only slightly affected, on average, ϳ15% less efficient than in the WT. Finally, repair of the inactive rDNA chromatin is unaffected in the rad34⌬ cells (Fig. 2E , compare WT and rad34⌬, TS i and NTS i), it is uniform, and it proceeds at a low rate. For the rad4⌬ rad34⌬ cells, repair is entirely abolished in both DNA strands and rDNA fractions (Fig. 2E, rad4⌬  rad34⌬) .
Repair of the nucleosomal IS between rDNA units is affected in rad4⌬ but not in rad34⌬ cells. In the absence of Rad4p, inactive DNA and both strands of RNAPII-transcribed genes are not repaired (59, 60) . On the other hand, CPDs are rapidly removed from the TS of active rDNA (see description above). To determine whether the redundancy of Rad4p is unique to DNA sequences that are loaded with RNAPI, DNA repair was followed in the IS between rDNA units (Fig. 1A, upper panel) . The WT and rad4⌬ cells were irradiated and incubated for different repair times, and the DNA was isolated and digested with EcoRI and prepared for the T4 endo V assay as described in Materials and Methods. Representative Southern blots are shown in Fig. 3A (WT and rad4⌬ cells) , where the EcoRI band represents almost and only the entire IS region (Fig. 1A , E 7 to E 1 ). The changes in signal intensities of the EcoRI bands (Fig.  3A , lanes 5 to 12; compare Ϫ and ϩ T4 endo V) indicate that repair occurs in the WT but not in the rad4⌬ cells. Quantitative analyses of the data reveal that in the WT, ϳ60% of the CPDs are removed after 4 h and that NER occurs at a uniform and low rate (Fig. 3B, WT) . Very little or no repair was measured in the IS of the rad4⌬ cells (Fig. 3B, rad4⌬) . Similar experiments were carried out with the rad34⌬ and rad4⌬ rad34⌬ cells. The changes in signal intensities of the EcoRI bands ( Fig.  3A, rad34⌬ ; compare Ϫ and ϩ T4 endo V in lanes 5 to 12) indicate that repair occurs in the rad34⌬ cells but not in the double mutant (Fig. 3A, rad4⌬ rad34⌬) . Quantitative analyses show that in the rad34⌬ cells, ϳ60% of the CPDs are removed after 4 h and, similar to that of the WT, at a uniform and low rate (Fig. 3B, rad34⌬) . Again, very little or no repair was measured in the IS of the rad4⌬ rad34⌬ cells ( Fig. 3B; rad4⌬  rad34⌬) .
Rad4p-independent TC-NER starts 40 bases downstream of the transcription initiation site and is faster than that in the WT. To examine the role of Rad4p in more detail, we analyzed repair at nucleotide resolution (50) . This enabled us to define where Rad4p is the determinant for NER, around the promoter and the first ϳ400 bases of the coding region. Figure 4 shows typical phosphor images of gels showing CPD repair in the TS (Fig. 4A) and NTS (Fig. 4B) of rDNA in the WT, rad4⌬, and rad34⌬ strains. The top band of each gel represents the whole HhaI restriction fragment (768 bp) (Fig. 1A, H 1 to H 2 ), free of CPDs, while each band below indicates the presence of a CPD at a single nucleotide position. The intensity of the bands reflects the frequency of lesions either at individual sites or in polypyrimidine tracts. A strong band indicates a high frequency of CPDs, and a fast disappearance of a band after repair time indicates fast repair. The quantified data are reported in Fig. 4C , where the time for removing 50% of the initial CPDs at each site (T 50% ) is plotted over ϳ500 bp of rDNA. Data points correspond either to a single CPD between adjacent pyrimidines or to clusters of CPDs that are formed at close proximity.
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In the rDNA promoter of the WT, repair for the TS is generally slow and, upstream of position Ϫ20, the T 50% for most of the CPDs is over 5 h. A group of CPDs around position Ϫ10 is repaired faster, with a T 50% of ϳ3 h. Inside the coding region, from positions ϩ5 to ϩ34, repair slows down, with a T 50% of 3 to ϳ6 h. The next cluster of CPDs, downstream of position ϩ40, is repaired rapidly, with a T 50% of less than 1 h. Fast repair occurs throughout the rest of the coding region examined, with T 50% measurements ranging from 0.5 to 2.5 h. Conversely, repair in the NTS is generally slow, with T 50% FIG. 2 . Repair of individual DNA strands in the coding regions of active and inactive rDNA. Nuclei were isolated from unirradiated cells (ϪUV, lanes 1 and 2) and from cells that were irradiated at 180 J/m 2 (lanes 3 to 12). WT (A), rad4⌬ (B), rad34⌬ (C), and rad4⌬ rad34⌬ (D) cells were harvested at the times indicated (h). Nuclei were digested with EcoRI, and their DNA was isolated and redigested with NheI. DNA samples, mock treated or treated with T4 endo V (denoted by Ϫ and ϩ, respectively), were separated on 1% alkaline agarose gels and blotted and hybridized with strand-specific riboprobes-A (see Fig. 1A ). Upper panels show TS and lower panels show NTS. To conserve space, the central portion of each gel, separating the inactive (i) rDNA from the active (a) rDNA is not shown (examples of complete gels can be seen in reference 10). Analysis of the rad4⌬ mutant shows that there is no repair in both DNA strands of the promoter and of the first 40 nucleotides in the coding region. However, beginning at position ϩ40 and proceeding downstream, repair of CPDs in the TS is faster than that in the WT (T 50% of ϳ0.5 h for most sites), corroborating the data shown in Fig. 2E (rad4⌬) . These results indicate that strand-specific repair between positions Ϫ10 and ϩ34 requires Rad4p and that TC-NER from position ϩ40 onward occurs in the absence of Rad4p.
Rad34p is required for Rad4p-independent TCR of rDNA. In the rad34⌬ mutant, repair of CPDs in the TS and upstream of position Ϫ20 is slow. Like the repair rate measured in the WT, the T 50% in this region of the rDNA promoter is more than 5 h. Also, the repair rates in the TS between positions Ϫ10 and ϩ34 are similar to those of the WT. Thus, strandspecific repair around the transcription initiation site requires Rad4p but is independent of Rad34p. Downstream of position ϩ40, repair in rad34⌬ is considerably slower (most of the T 50% are 6 h) than in the WT and rad4⌬ mutant (T 50% of less than 1 h). These analyses of repair at the nucleotide level complement the data presented in Fig. 2E and show that Rad34p is necessary for TC-NER that starts around nucleotide ϩ40. Repair of the NTS in the rad34⌬ strain is homogenously slower than in the WT. We note that some CPDs are repaired in the rad34⌬ mutant as measure by the T4 endo V/Southern blot assays. This is not necessarily found by the high-resolution analyses, as the plot shows T 50% of CPDs, irrespective of the amount of damage induced at any given CPD site. Moreover, high-resolution mapping of CPD removal was analyzed for each single nucleotide (or small groups of polypyrimidine tracts) in the first 502 bp of the rDNA-coding region. In contrast, repair rates measured by the T4 endo V/Southern blot assays (Fig. 2E) reflect the average repair rate of all CPDs within the large central portion of the rDNA-coding region (either 2.9 or 4.4 kb).
DISCUSSION
The separation of active and inactive rDNA populations, together with the repair data measured at the nucleotide level, have provided novel information about the roles of the Rad4 and Rad34 proteins. It was previously shown that in the rad4⌬ cells, ϳ60% of CPDs are removed from the TS of total rDNA, whereas little or no repair occurs in the rest of the genome, including the NTS of total rDNA. These results were not fully explained since the assays used could not discriminate between active and inactive rDNA (59) . We reexamined repair in total rDNA (Fig. 1B) and, in parallel, monitored repair in the active and inactive rDNA fractions (Fig. 2) . Our results show that ϳ60% of CPDs removed from the TS of total rDNA correspond to the average of repair measured in the TS of active rDNA (100% of CPDs removed) and in the TS of inactive rDNA (less than 15% of CPDs removed). Therefore, in the rad4⌬ cells, the TS of active rDNA is fully repaired, and almost no repair occurs in the TS of inactive rDNA. Interestingly, the TS of active rDNA is repaired faster in the rad4⌬ cells than in the WT (Fig. 2E and 4C) . Since, in the rad4⌬ cells, NER is inoperative for most of the genome, very fast repair of the TS of active rDNA could reflect the extra availability of NER factors to repair rDNA. Also, the results in Fig. 2 show that both TC-NER and GG-NER participate in the removal of CPDs from the TS of active rDNA. In fact, in the absence of Rad34p, TC-NER is abolished, and only GG-NER is operative, and the two strands of active rDNA are equally and slowly repaired. On the other hand, in the rad4⌬ cells GG-NER is abolished, and TC-NER is the only pathway that repairs the TS of active rDNA, which could also explain the very fast removal of CPDs from the TS. Yet, GG-NER is the main pathway that repairs the NTS of active rDNA and both DNA strands of inactive rDNA and is largely unaffected in the rad34⌬ cells. As expected, no repair occurs when both pathways are abolished (e.g., the rad4⌬ rad34⌬ strain). Alternatively, very fast repair of the TS of active rDNA in the rad4⌬ cells could be explained by Rad23p being essential for repairing CPDs in the rDNA locus (59) and by its capability of binding both Rad4p and Rad34p (18) . In the absence of Rad4p, more Rad23p molecules would be available to form the active complex Rad23/Rad34p. However, the cellular ratio among Rad4p:Rad34p:Rad23p is 10:1:
140 (http://yeastgfp.ucsf.edu), which does not support the hypothesis that the amount of Rad23p is a limiting factor. It was suggested that Rad34p could be involved in TC-NER as Rad34p takes part in repair of the bottom strand (14) . Our results definitively show that Rad34p contributes to NER, mostly in the TS of active rDNA or TC-NER of RNAPI (Fig.  2E, rad34⌬) . Moreover, examination of NER at the nucleotide level shows the presence of TC-NER downstream of nucleotide ϩ40 (Fig. 4C) . Also, past nucleotide ϩ40, repair of the TS is considerably slower in the rad34⌬ strain than in the WT. These results demonstrate that Rad34p is essential for TC-NER and that TC-NER starts ϳ40 nucleotides downstream of nucleotide ϩ1. Around the transcription initiation site (between nucleotides Ϫ10 and ϩ34), repair is slow in the TS and very slow in the NTS, in both the WT and rad34⌬ cells. In the rad4⌬ strain, analyses of NER at the nucleotide level substantiate the existence of very fast repair in the TS of the coding region. In these cells, there is no repair in the NTS of the coding region, in both DNA strands of the promoter and between rDNA units. Hence, strand-specific repair between positions Ϫ10 and ϩ34 requires Rad4p but not Rad34p, and TC-NER from position ϩ40 onward occurs in the absence of Rad4p but requires Rad34p. Rad4p is necessary for repair of RNAPII-transcribed genes, whereas Rad34 is not (14) . Here we show that Rad4p is essential for repair in nontranscribed regions and at the transcription initiation site, whereas Rad34p is not, and that Rad34p is required for TC-NER of the immediate downstream region, where Rad4p has no role. Thus, although Rad4p and Rad34p share sequence homology (18, 31) , their roles in repair are by and large distinct and complementary. However, we cannot completely exclude the possibility that Rad4p and Rad34p have at least small overlapping functions. In fact, in rad4⌬ cells, ϳ20% of CPDs are repaired from the NTS of active rDNA, and Rad34p could be responsible for this small NER activity. This is substantiated by the data showing that the repair of the same NTS of active rDNA is ϳ15% less effective in the rad34⌬ cells than in WT cells (Fig. 2E) . Another possible explanation for the low (but statistically significant) level of repair in the NTS of the rad4⌬ active rDNA could be the occurrence of transcription in the opposite direction. However, in the yeast strains used for this study (SIR2 ϩ , NRD1 ϩ , NAB3 ϩ , and SEN1 ϩ ), there is no transcription of rDNA running in the opposite direction (56) . Moreover, we could not find antisense rRNA corresponding to the central portion of rDNA, which is the region where we have measured DNA repair (data not shown).
The distinct and complementary participation of Rad4p and Rad34p could reflect the state of the RNAPI transcription complex. Namely, transcription initiation requires (i) melting of DNA to form an open complex, (ii) formation of the first few phosphodiester bonds, (iii) beginning of RNAPI movement, (iv) clearance of the promoter, and (v) formation of a steady-state ternary elongation complex. The melted DNA region starts upstream of the transcription initiation site (at nucleotide Ϫ7), expanding downstream and forming a transcription bubble of ϳ19 bp. Furthermore, RNAPI covers ϳ26 bp and clears the promoter at about nucleotide ϩ12 (27) . Thus, it is tempting to suggest that Rad4p (or GG-NER) is needed to repair rDNA from upstream of the transcription initiation site to the promoter clearance step, whereas Rad34p (or TC-NER) is needed during transcription elongation. However, the specific role of Rad34p during TC-NER of RNAPI remains unknown. Perhaps it could promote repair at sites where RNA polymerases are arrested by DNA lesions, similar to the roles proposed for Rad26p (and for the human homologue CSB) during TC-NER of RNAPII-transcribed genes (29) . It should be noted that the CSB protein is also a component of RNAPI transcription in human cell lines, and, thus, CSB/Rad26p could participate in NER of rRNA genes (5). Although it is not known whether Rad26p promotes RNAPI transcription in yeast, an early study considered the possibility that Rad26p might participate in the repair of total rDNA. It was reported that Rad26p is not involved in NER of total rDNA (59) . However, in that same study TC-NER could not be measured in total rDNA of WT yeast, leaving open the possibility that Rad26p could contribute to the repair of the TS of active rDNA. Accurate measurements for DNA repair in the TS of both active and inactive rDNA, in the WT and rad26⌬ cells, are shown in Fig. 5 . Clearly, the data presented here prove that Rad26p does not participate in TC-NER of RNAPI-transcribed rDNA.
Chromatin, chromatin remodeling, and histone modification modulate NER activity (51, 52, 54, 64, 66) . We exploited the yeast rDNA locus and its two distinct structures to follow NER in chromatin (6) . Canonical nucleosomes are not present in the coding regions of active rRNA genes, which are loaded with RNAPI molecules to a ratio of one RNAPI for every 100 bp (i.e., about two RNAPI molecules for every nucleosome DNA length) (37) . Conversely, nucleosomes are found on the same coding DNA sequences in silent genes and on the majority of DNA between rDNA units (IS) (12, 30, 47) . We observed that in WT cells, nucleosomes hamper NER, since the NTS of active rDNA is repaired faster than both DNA strands of inactive rDNA. Moreover, the kinetics of NER for active and inactive rDNA are different, as follows: fast at the beginning and slow at the end in the coding region of active (nonnucleosome) rDNA and uniformly slow in the coding region of inactive (nucleosome) rDNA. Similarly, uniform and low repair rates occur in the IS (Fig. 3) . It is hypothesized that XPC makes compact chromatin accessible to NER. However, in the rad34⌬ strain, repairs of CPDs from inactive rDNA and from the IS are unaffected. Thus, although Rad34p shares sequence homology with XPC and Rad4p, it does not promote NER in arrays of nucleosomes. Even though the components of active (nonnucleosome) rDNA chromatin are unknown (53), active rDNA is largely devoid of histones, which are replaced with the protein Hmo1 (36) . Hmo1p binds to the promoter and throughout the entire rDNA-coding region and enhances transcription (17, 25) . Moreover, the initiation of rDNA transcription begins with the assembly of upstream activating factor (UAF), core factor (CF), TATA-box binding protein (TBP), Rrn3p, and RNAPI on the upstream element and core promoter (Fig. 1A , lower panel [39] ). Like NER (see description above), photolyase repair of CPDs in the yeast rDNA sequences is hindered by the presence of nucleosomes, and photoreactivation experiments confirmed the presence of CF and UAF at rDNA regulatory regions (32, 33) . In WT cells, NER is slow over the entire RNAPI promoter and downstream of the transcription initiation site up to nucleotide ϩ34 (Fig. 4C) . Similarly, NER is slow in the RNAPII and -III promoters (9, 50) . Thus, it is likely that RNA polymerase transcription initiation complexes obstruct the multienzymatic mechanism of NER, which covers about 30 nucleotides around the damaged site (62) . In rad4⌬ cells, the rDNA promoter, the inactive (nucleosome) rDNA coding region, and the IS are not repaired, whereas the TS of active (nonnucleosome) rDNA is repaired. Since Rad4p copurifies with the SWI/SNF chromatin-remodeling complex, it is suggested that it could recruit SWI/SNF to enhance repair in chromatin (20) . However, in rad4⌬ cell repair of the NTS of active (nonnucleosome) rDNA is severely reduced. Hence, the interpretation for an apparent role of Rad4p in repair of nucleosomes remains unclear, at least in the rDNA locus.
In conclusion, with this study, we have added important information about the functions of the XPC family of proteins in NER. The current knowledge of the participation of Rad4p and Rad34p in NER of rDNA has been taken to the next level, and we provided insights into their roles during repair of nucleosome versus nonnucleosome rDNA and in regulatory protein/DNA complexes at rDNA regulatory regions. Our results indicate that, although Rad4p and Rad34p share sequence homology, their roles in repair of rDNA are distinct. Rad4p is essential for repair in nontranscribed regions and at the transcription initiation site, whereas Rad34p is not; Rad34p is required for TC-NER of the immediate downstream region, where Rad4p has no role.
